1. Introduction {#sec1}
===============

One of the leading research fields around the world is renewable energy. Solar cells in general are the best source of renewable energy because of their ability and sustainability. However, conventional solar cells with their high cost of production are not suitable for widespread applications. The past two decades has seen an increasing interest in replacing conventional solar cells with a low cost generation of solar cells. Liquid-electrolyte based dye-sensitized solar cells (DSCs) invented by Gratzel and co-workers in the 1991 are a promising generation that meets the requirements of clean and low cost renewable energy sources \[[@bib1], [@bib2], [@bib3]\]. DSCs consist of films of porous metal oxide nanoparticles such as ZnO and TiO~2~, and are classified as a third generation of solar cells \[[@bib4], [@bib5], [@bib6], [@bib7]\]. One of the drawbacks of DSCs based on liquid electrolytes is the leakage and vaporization of the solvent, which limits the durability and stability of the cells. Therefore, the solidification of the electrolyte in DSCs has been one of the most important routes to overcome this problem \[[@bib8], [@bib9]\]. A lot of research has been conducted to replace the liquid electrolyte with solid or gel materials \[[@bib10], [@bib11], [@bib12], [@bib13], [@bib14]\]. Hole transporting materials (HTM) are usually utilized as solid-state electrolytes in DSCs including inorganic types such as CuI and CuSCN, and organic types such as Spiro-OMeTAD \[[@bib15], [@bib16]\]. However, because of their low conversion efficiency due to poor penetration into the nanoporous film, they cannot satisfy the requirements of DSCs application [@bib17]. Nanofiber membranes have been utilized as quasi-solid state electrolytes in DSCs showing an acceptable performance [@bib18]. Another problem facing DSCs is the interactions between the electrolyte and TiO~2~, which can be overcome by using polymers with hydrophobic groups [@bib19]. Polymer gel electrolytes have also attracted attention in DSCs and the most frequently used polymers are poly(ethylene oxide) (PEO), poly(methyl methacrylate) (PMMA) and polyvinyl alcohol (PVA) \[[@bib20], [@bib21]\]. Due to their instability, these polymers face some serious challenges such as iodine crystallization, phase separation, and the strict sealing procedure required to produce DSCs with best durability and stability [@bib22]. Conducting polymers have been tried for hole-transporting materials in DSCs. Wagner et al. described the use of carbazole-based polymers in DSCs with hole-conducting polymer [@bib23]. Kudo et al. fabricated the organic-inorganic hybrid solar cells based on a conducting polymer and SnO~2~ nanoparticles [@bib24]. Polyaniline (PANI) is known as a wide band-gap HTM. Ameen et al. have reported the application of PANI in DSC photo-electrode using N710 and Z907 as sensitizers [@bib25]. Polythiophene and its derivatives have been utilized in many fields such as, electrolytes and flexible devices \[[@bib26], [@bib27]\]. As an example, polythiophene with different structures has been applied in SSDSCs as hole transporting media \[[@bib28], [@bib29], [@bib30], [@bib31], [@bib32]\]. These electrolytes showed acceptable efficiency and stability \[[@bib33], [@bib34]\].

In this work, polythiophene synthesized in aqueous medium with different structures will be used as a hole-transporting material in DSCs. The morphological effect of this polymer on the TiO~2~ will be investigated using AFM. The optical properties of such polymer will be explored. Moreover, the photovoltaic characteristics of the obtained SSDSCs will be studied by recording the following parameters: short circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF) and energy conversion efficiency (η).

2. Experimental {#sec2}
===============

Polythiophene was synthesized by mixing cetyltrimenthylammon-ium bromide (CTAB, 0.82 g), triethanolamine (TEA, 2.6 g) and thiophene (1.25 mL) with deionized water (15 mL) in a bottom-rounded flask. The mixture was sonicated for 30 min. Ammonium persulfate (APS 4.31 g) was dissolved in 10 mL of deionized water and added dropwise to the first mixture mentioned above. The final mixture was then heated without stirring at 70 °C for 24 h. The polymer samples through this reaction showed a controlled morphology between spherical particles and fibers (network) by changing the ratio of TEA from 2.6 g to 6.5 g, respectively. [Fig. 1](#fig1){ref-type="fig"} shows TEM images of particle and network nanostructures.Fig. 1TEM images of polythiophene with different structures; (a) PTh nanoparticles and (b) PTh network structures.Fig. 1

The photo-electrode of SSDSCs was prepared using TiO~2~ coated TCO as received from Solaronix dipped into ruthenium-based dye (C~26~H~20~O~10~-N~6~S~2~Ru), known as N3 for 6 hours. The dye solution was prepared by dissolving 2 mg of N3 into 10 ml of ethanol. The dyed TiO~2~ electrodes were then washed with acetonitrile and the obtained photo-electrodes were coated with polythiophenes using spin coating at speed of 3000 rpm for 30 s. These films were studied as prepared and with annealing at 100 °C. The surface morphology of the prepared photoelectrodes was studied using a Dimension 3100 AFM with Nanoscope IV controller (Veeco Instruments). A silicon tip with \<10 nm tip radius, typical spring constant 40 N/m and resonant frequency of ≈300 kHz was used for imaging in Tapping mode under ambient conditions. A UV--vis spectrophotometer (Jasco V-570) was utilized to measure the absorbance of the polythiophene solutions and N3 dye.

Three cells of each type of SSDSCs were constructed by assembling the prepared photo-electrodes against FTO-glass substrate coated with platinum catalyst (Solaronix) using paper clips. A 0.25 cm^2^ illuminated area was made on the glass substrate by using a mask from black tape. A photovoltaic system consisting of a solar simulator (Solar-Light) and an electrometer (Keithley 2400) was utilized to obtain the I--V characteristics of the prepared SSDSCs. The system is computer-controlled to acquire and plot the I--V data after AM1.5-filtered light from the 300 WXenon lamp of the solar simulator shines the SSDSC at a power density P~i~ = 100 mW/cm^2^. Each measurement was repeated three times and the errors in the efficiency were then calculated. The photovoltage V~oc~ decay from steady state over a time range of 10 s was measured by a Tektronix 500 MHz oscilloscope to test the recombination rate in SSDSCs.

3. Results & discussion {#sec3}
=======================

The three different polythiophene structures were spin-coated onto a silicon substrate to measure the expected film thickness of each polymer using an ellipsometer. The thicknesses of the obtained films were ranging from almost 24 nm--34 nm as shown in [Table 1](#tbl1){ref-type="table"}. These polymers were also spin-coated onto prepared photoelectrodes and the AFM was used to study the interface between these layers. [Fig. 2](#fig2){ref-type="fig"} (top left) shows an AFM image of TiO~2~ photoelectrode as prepared without any coating. It can be seen from this figure the nanoparticles of TiO~2~ have well defined structures with an average size around 20 nm in diameter. The average roughness in this case (the RMS value) is almost 30 nm (see [Table 1](#tbl1){ref-type="table"}). In comparison, [Fig. 2](#fig2){ref-type="fig"} (top right) shows a coated TiO~2~ photoelectrode with P3HT. It is clear from this figure that the morphology of the film has changed and this can be attributed to P3HT single molecules being penetrated and filled the pores of TiO~2~ layer. When the layer of TiO~2~ is coated with P3HT, the roughness decreases to 27 nm ([Table 1](#tbl1){ref-type="table"}). [Fig. 2](#fig2){ref-type="fig"} (bottom left) shows the coated TiO~2~ photoelectrode with a network-structured polythiophene. The figure shows that the morphology of the film does not change significantly compared to the P3HT case. The reason behind this is that the mesh size of the polymer network is definitely larger than the TiO~2~ particle size (shown in SEM images in [Fig. 1](#fig1){ref-type="fig"} (a)). This results in TiO~2~ particles penetrating the polymer network having well defined particle structures on the surface. The increase of the particle size at the surface due to the polymer network coating is also noticeable in [Fig. 2](#fig2){ref-type="fig"} (bottom left). The roughness in this case is similar to that in the case of P3HT (27 nm). [Fig. 2](#fig2){ref-type="fig"} (bottom right) shows the coating of TiO~2~ with a nanoparticle-structured polythiophene. This figure shows different morphology from the two structures mentioned above. The grain size shown in [Fig. 2](#fig2){ref-type="fig"} (bottom right) has increased many times compared to the other two cases. This can be explained due to the aggregation of polythiophene nanoparticles around TiO~2~ particles at the surface. This aggregation at the surface happens because of the large size of polythiophene nanoparticles which cannot penetrate the pours of TiO~2~ as shown in SEM images in [Fig. 1](#fig1){ref-type="fig"}(b). The roughness of the film slightly decreases in this case to 24 nm compared to 27 nm and 28 nm in the case of P3HT and polythiophene network, respectively. It can be concluded that the surface of TiO~2~ can be manipulated using different structures of polythiophenes, which results in different morphologies.Table 1The roughness at room temperature and 100 °C and the thickness of coated and un-coated TiO~2~ measured by AFM and Ellipsometry.Table 1Film structureRoughness by AFM (RMS) @ 25 °C\
(nm)Roughness by AFM (RMS) @ 100 °C\
(nm)Thickness (by Ellipsometer)\
(nm)TiO~2~ without coating30.030.0N/ATiO~2~ + P3HT27.732.634.6TiO~2~ + polythiophene network28.014.327.5TiO~2~ + polythiophene nanoparticles24.217.124.4Fig. 2AFM images of uncoated TiO~2~ photoelectrode (top left) and coated TiO~2~ photoelectrode with P3HT (top right), polythiophene network (bottom left) and polythiophene nanoparticles (bottom right) at room temperature.Fig. 2

It is known that polymer structures are affected by temperature variation, especially near the glass transition temperature (T~g~) of the polymer. The morphology of the polymers mentioned above on the top of TiO~2~ has been investigated at 100 °C. Previous studies also found that the peak absorption wavelength λ~max~ for the untreated film of similar polymers to this study is 495 nm and 515 nm at room temperature and 110 °C, respectively [@bib29]. It was also found that heating the samples at temperatures higher than 110 °C shows similar behavior of the absorption spectra. [Fig. 3](#fig3){ref-type="fig"} shows the change of morphology with increasing temperature for all structures of polythiophene. In the case of P3HT ([Fig. 3](#fig3){ref-type="fig"} left), TiO~2~ nanoparticles have well defined shapes similar to that at room temperature shown in [Fig. 2](#fig2){ref-type="fig"} (top right). The reason behind this is that P3HT molecules have diffused through TiO~2~ pores with increasing temperature. This is confirmed by the change in roughness from 27.7 nm to 32.6 nm as shown in ([Table 1](#tbl1){ref-type="table"}). In the case of polythiophene network ([Fig. 3](#fig3){ref-type="fig"}, middle), the polymer surface shows smoothness more than that at room temperature with a decrease in the roughness from 28.0 nm to 14.3 nm as shown in ([Table 1](#tbl1){ref-type="table"}). Similarly, the nanoparticle-structured polythiophene ([Fig. 3](#fig3){ref-type="fig"}, right) has the same effect with temperature showing a decrease in the roughness from 24.2 nm to 17.1 nm.Fig. 3AFM images of coated TiO~2~ photoelectrodes with P3HT (left), polythiophene network (middle) and polythiophene nanoparticles (right) at 100 °C.Fig. 3

It is worthwhile studying the optical behavior of the synthesized polymers compared to that of the dye used in the dye-sensitized solar cells. [Fig. 4](#fig4){ref-type="fig"} shows the absorption spectra of N3 and the different structures of polythiophene. It is clear from this figure that P3HT has a very low absorption with a similar absorption edge to nanoparticle and network structures. A similar behavior was observed in the case of polythiophene nanoparticles with a similar absorption as P3HT. On the other hand, polythiophene network has an absorption peak at around 550 nm with a similar behavior to the N3 dye. This means that polythiophene networks have the ability to absorb visible light, which can contribute positively in the SSDSCs. From [Fig. 4](#fig4){ref-type="fig"} it is clear that N3 dye and polythiophene network have the same absorption edges, although the absorption intensity is higher in the case of polythiophen network. This might indicate a larger band-gap in polythiophene network compared to the N3 dye.Fig. 4Absorption spectra of N3-dye and different structures of polythiophene.Fig. 4

SSDSCs were constructed using different polythiophene structures. The results obtained from the SSDSCs will be compared with conventional DSCs based on liquid electrolyte. During the cell preparation, the TiO~2~ layer must be covered with the dye. Dying time has been found to affect the performance of the solar cells. Therefore, an optimization has to be done to choose the optimal time for dying the TiO~2~ layer. Three different dying times were tested (2, 6 and 9 h) and the best dying time was found to be 6 h and this dipping time has been used throughout this study.

[Fig. 5](#fig5){ref-type="fig"} shows the I-V characteristic curves of the solid-state dye-sensitized solar cells based on different structures of polythiophene. This figure shows that the cell based on polythiophene network structure gives the optimal photovoltaic performance with power conversion efficiency (η) of 0.005% corresponding to a photocurrent of 0.035 mA. However, this performance considerably decreases when the nanoparticle of polythiophene or P3HT are used. On the other hand, [Fig. 6](#fig6){ref-type="fig"} shows the I-V curves of the same samples after annealing at 100 °C. The performance of the cells was improved by more than two orders of magnitude as shown ([Table 2](#tbl2){ref-type="table"}). The reason behind this increase in efficiency after annealing is the change of the polymer morphology where the AFM images showed that the interface between polythiophene networks and TiO~2~ has a similar morphology to that of un-coated photoelectrode. This means that the network layer does not affect the function of TiO~2~ nanoparticles in the cell. This result indicates that polythiophene networks are good candidates for solid-state DSCs especially when they are annealed up to 100 °C. The obtained power conversion efficiency (η) from the cell containing poythiophene networks is 0.83% corresponding to a photocurrent of 0.65 mA, which is comparable to that of DSCs based on liquid electrolyte with power conversion efficiency of 1.24 corresponding to a photocurrent of 0.99 mA (see [Table 2](#tbl2){ref-type="table"}). While, a slight increase in the performance of the solar cell upon heating has been observed in the case of P3HT and nanoparticle-structured polythiophene as shown in [Fig. 6](#fig6){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}. Furthermore, the increase in power conversion efficiency in the case of the network structure is attributed to the increase in optical absorption of polythiophene networks compared to the other polythiophene structures. This increase in absorption assists the dye to compensate the lost electrons through the transportation of the hole and also inject electrons from the LUMO of the polymer directly to conduction band of TiO~2~. The low value of the fill factor can be attributed to the increase of the series resistance (R~s~) as shown in [Table 2](#tbl2){ref-type="table"}. In addition, the high values of R~s~ in the case of P3HT and PTh nanoparticles led to the decease in the photocurrent (I~sc~).Fig. 5I-V characteristics of a SSDSC using three different structures of polythiophene at room temperature.Fig. 5Fig. 6I-V characteristic curves of a SSDSC using three different structures of polythiophene at 100 °C.Fig. 6Table 2Photovoltaic parameters obtained from DSCs and SSDSCs at room temperature and 100 °C. Note: conventional DSC with liquid electrolyte was not heated.Table 2SampleI~sc~ (mA)J~sc~ (mA/cm^2^)V~oc~ (V)FFη (%)R~s~ (Ω)Room Temp.100 °CRoom Temp.100 °CRoom Temp.100 °CRoom Temp.100 °CRoom Temp.100 °C100 °CP3HT0.0170.090.060.320.490.440.250.287.3 × 10^−5^ ±1.5 × 10^−6^5.6 × 10^−5^ ±3.1 × 10^−6^132Nanoparticles0.0210.100.070.350.500.500.260.309.1 × 10^−4^ ±7 × 10^−5^0.15 ± 0.0188Network0.0350.630.122.230.680.60.610.685 × 10^−3^ ±1 × 10^−3^0.83 ± 0.0540Liquid electrolyte0.99\-\-\-\-\--4.5\-\-\-\-\--0.6\-\-\-\--0.45\-\-\-\--1.24 ± 0.15\-\-\-\--35

The dark I-V characteristics have been found to give some interpretation of the enhancement of DSCs efficiency in terms of the energy barrier caused by the coating on the photoelectrode. [Fig. 7](#fig7){ref-type="fig"} shows the dark I-V characteristic curves of a conventional DSC and SSDSCs using different structures of polythiophene. In the dark, electron injection from the dye is absent and the current is only generated by the diffusion of electrons from TiO~2~ semiconductor to the electrolyte in DSC and the polymer in SDSCs [@bib28]. It is clear from [Fig. 7](#fig7){ref-type="fig"} that, when adding the polymer layer, the energy barrier increases as indicated by the increase in the voltage because electrons in this case require a higher voltage to overcome the barrier. The situation became worse when using the nanoparticle-structured polythiophene and P3HT.Fig. 7Dark I-V characteristics of different DSCs using liquid electrolyte and different polythiophene structures.Fig. 7

Furthermore, V~oc~--decay from steady state is another tool to investigate the back-transport and recombination behavior in DSCs. [Fig. 8](#fig8){ref-type="fig"} shows V~oc~--decay curves for SSDSCs based on different polythiophene structures. It is clear from this figure that the V~oc~--decay is much slower in the case of the network structure followed by the nanoparticle structure and finally the linear structure of polythiophene. Since the rate of V~oc~-- decay is proportional to the recombination rate, it is evident that the rate of combination decreases when using the network structure of polythiophene because it is a good hole transporting material, which led to the increase in (η) seen above.Fig. 8V~oc~ decay following suppression of illumination for SDSCs using different polythiophene structures.Fig. 8

4. Conclusion {#sec4}
=============

Solid-state dye-sensitized solar cells were successfully constructed using different structures of polythiophene as hole-transporting media in comparison to conventional dye-sensitized solar cells based on liquid electrolyte. This study showed that the network-structured polythiophene is a good candidate as a hole-transporting medium giving an efficiency of 0.83% with annealing at 100 °C, which is comparable to 1.24% obtained from a conventional DSC. The structural and morphological study by SEM and AFM in addition to the optical investigation gave a good interpretation for the increase of the efficiency in the case of the network-structured polythiophene compared to the nanoparticle-structured polythiophene and P3HT.

Declarations {#sec5}
============

Author contribution statement {#sec5.1}
-----------------------------

Ateyyah M. Al-Baradi: Conceived and designed the experiments; Wrotethe paper.

Waleed A. Al-Shehri:Performed the experiments.

Ali Badawi, Abdulraheem S. A. Almalki, Amar Merazega: Analyzed and interpreted the data; Wrote the paper.

Funding statement {#sec5.2}
-----------------

This work was supported by Taif University (project No. 1-435-3653) and King Abdulaziz City for Science and Technology.

Competing interest statement {#sec5.3}
----------------------------

The authors declare no conflict of interest.

Additional information {#sec5.4}
----------------------

No additional information is available for this paper.
